Aims. Star-forming dwarfs are studied to elucidate the physical underpinnings of their fundamental plane. Processes controlling dynamics are evaluated, connections between quiescent and bursting dwarfs are examined, and the viability of using structural properties of dwarfs to determine distances is assessed. Methods. Deep surface photometry in K s is presented for 19 star-forming dwarfs. The data are amalgamated with previously published observations to create a sample of 66 galaxies suitable for exploring how global properties and kinematics are connected. Results. It is confirmed that residuals in the Tully-Fisher relation are correlated with surface brightness, but that even after accommodating the surface brightness dependence through the dwarf fundamental plane, residuals in absolute magnitude are far larger than expected from observational errors. Rather, a more fundamental plane is identified which connects the potential to HI line width and surface brightness. Residuals correlate with the axis ratio in a way which can be accommodated by recognizing the galaxies to be oblate spheroids viewed at varying angles. Correction of surface brightnesses to face-on leads to a correlation among the potential, line width, and surface brightness for which residuals are entirely attributable to observational uncertainties. The mean mass-to-light ratio of the diffuse component of the galaxies is constrained to be 0.88±0.20 in K s . Blue compact dwarfs lie in the same plane as dwarf irregulars. The dependence of the potential on line width is less strong than expected for virialized systems, but this may be because surface brightness is acting as a proxy for variations in the mass-to-light ratio from galaxy to galaxy. Altogether, the observations suggest that gas motions are predominantly disordered and isotropic, that they are a consequence of gravity, not turbulence, and that the mass and scale of dark matter haloes scale with the amount and distribution of luminous matter. The tight relationship between the potential and observables offers the promise of determining distances to unresolved star-forming dwarfs to an accuracy comparable to that provided by the Tully-Fisher relation for spirals.
Introduction
ΛCDM cosmology leads to dwarf galaxies with dark matter haloes at the centre of which is a cusp in density. However, dwarfs in which a significant portion of their internal energy is ordered show rotation curves which rise less steeply outward from their centres than expected. Thus, their core density profiles must be quite flat (Moore 1994; Flores & Primack 1994; Simon et al. 2005; de Blok et al. 2008; Oh et al. 2011, and references therein) . Dwarfs over a wide range of absolute magnitudes display surface brightness profiles which are flat in the cores, also suggestive of a central dark matter framework whose density is slowly varying . Hydrodynamic simulations taking into account star formation and its consequences suggest that a flat density profile is a response to the
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⋆ Based on observations acquired from CFHT, CTIO, ESO, OAN-SPM, and SAAO blowout of baryonic matter with low angular momentum by supernova explosions (Governato et al. 2010) . On the contrary, the chemical properties of star-forming dwarfs in low-density environments indicate that gas flows have not played a major role in their evolution (Lee et al. 2003; Vaduvescu et al. 2007) .
A clue as to whether or not the current state of dwarfs is a consequence of gas flows may come from velocity dispersions. Galaxies whose evolution has been affected significantly by flows may well display internal motions which are not entirely explainable as a response to gravity. Recently, rotating disk galaxies were discovered at low redshift in which the velocity dispersion is large (Green et al. 2010) . Because line widths correlate with star formation rates but not masses or gas fractions, the unusual motions were attributed to turbulence resulting from star formation activity. This may be relevant to understanding the Tully-Fisher relation for star-forming dwarfs, which is highly scattered . Although some of the scatter can be explained through a connection to surface brightness (the fundamental plane for dwarfs), there remains a significant component which cannot be attributed to observational errors .
Within the context of evaluating the impact of star formation on dynamics, and by implication the evolution of both mass and chemistry, it is important to examine in more detail how closely the mass and distribution of visible matter in dwarfs are linked to kinematics. This motivates, in particular, exploration of the baryonic Tully-Fisher relation (McGaugh et al. 2000) , since a significant portion of the mass of star-forming dwarfs is in gaseous form. From the standpoint of turbulence, it is of interest to compare blue compact dwarfs, in which there is evidence for a recent burst of star formation, with the more quiescent dwarf irregular galaxies (e.g., . A better understanding of the physics of star-forming dwarfs also has the potential to open up new avenues for determining distances. At the moment, distances to unresolved systems are so poorly constrained that it is not possible to map peculiar motions on large scales independently from giants.
In this paper, star-forming dwarfs in the Local Volume whose structural properties are defined by near-infrared surface photometry are employed to study how the luminosity, baryonic mass, and baryonic potential are linked to kinematics. Simultaneously, the mass-to-light ratio is constrained by optimizing linkages. Section 2 introduces new near-infrared observations of star-forming dwarfs, the surface photometry for which is presented in Section 3. An expanded sample of galaxies suitable for study is assembled in Section 4, and then subjected to detailed analysis in Section 5. This leads to the identification of a more fundamental plane for dwarfs. Section 6 follows with a discussion of results, especially examining how closely internal motions are tied to gravity. As well, a new method for deriving distances to dwarfs is presented. Finally, conclusions are presented in Section 7.
Observations

Blanco observations 2008
During 2008 Mar 10-13 and Aug 10-12, deep NIR images of 23 galaxies were acquired using the 4.1 m Blanco telescope at Cerro Tololo Inter-American Observatory, Chile (Run IDs: 2008A-0913 and 2008B-0909) . All three nights of the first run were photometric, but only the second night of the August run was clear. During both runs, the ISPI camera was used at the f /8 Cassegrain focus. The detector was a Hawaii array with 2048 × 2048 pixels. The scale was 0 .
′′ 3 pix −1 , yielding a field of view 10.
′ 25 × 10. ′ 25. Targets were imaged exclusively through the K s filter. Table 1 summarizes the observations. To sample the sky, small objects were cycled through four quadrants of the array. For large targets, the telescope was jogged to a sky field after every pair of dithered target images. Data were reduced, calibrated, and analyzed in the manner described by . Typically, 10 to 15 2MASS stars were employed to calibrate each field. Imaging and surface photometry for the 13 dwarfs clearly detected with the Blanco telescope are presented in Figure 1 .
For reference, Figure 2 gives the reduced images of the fields of the 10 unexaminable dwarfs. It is possible that galaxies imaged in August (HIPASS J1337−39, Sag DIG, and DDO 210) were obscured by thin clouds. HIPASS J1351−47 and Sag DIG appear to have been detected, but not well enough to permit surface photometry. The remaining galaxies were just too faint to detect with the chosen exposures.
NTT observations 2008
During 2008 Aug 13-17, deep NIR imaging of nine galaxies was undertaken with the 3.5m NTT telescope at ESO La Silla Observatory, Chile (Run ID: 081.B-0386(A)). One night was clear, and the rest were clouded out. The SOFI camera equipped with a Hawaii HgCdTe array was employed at the f /11 Nasmyth focus. The array was composed of 1024 × 1024 pixels. The scale was 0 .
′′ 288 pix −1 , so the field of view was 4. ′ 92×4. ′ 92. All targets were observed with the K s filter only. Observations are summarized in Table 1 .
Data were reduced, calibrated, and analyzed in the same manner as for the Blanco runs. Around five 2MASS stars were employed to calibrate most of the fields. Imaging and surface photometry for the six dIs solidly detected are included in Figure 1 . Figure 2 includes the reduced images of the fields of the two unexaminable dwarfs not observed with the Blanco telescope. In fact, ESO 540-30 appears to have been detected, but not well enough to carry out surface photometry.
Other observations 2002-2007
As part of separate studies, deep K s images of 110 different dwarf galaxies were obtained from 2002 to 2007 over observing runs conducted with the 2.1 m telescope of OAN-SPM in Mexico (2002 and , the 1.4m IRSF telescope of SAAO in South Africa (2005 and 2006) , the 3.6m CFHT in Hawaii (2002 Hawaii ( , 2004 Hawaii ( , 2005 Hawaii ( , and 2006 , and the Blanco Telescope at CTIO (2006 and . Images and surface photometry are presented in (34 galaxies), (17 galaxies, plus eight from 2MASS), and Fingerhut et al. (2010) (80 galaxies).
Surface photometry
Of the newly-observed dwarfs, 15 out of 19 have flat cores and exponential wings. showed that a sech function provides a good fit to such profiles. For this function, the apparent surface brightness µ app in mag arcsec −2 at radius r along the major axis is given by
where µ app 0 is the apparent surface brightness at the centre and r 0 is the scale length. Solutions for the parameters of the best fitting sech functions are given in Table 2 . In the right panels of Figure 1 , fits are shown as thick solid lines.
Some dwarfs show an excess of light in their centres. They can be interpreted as being normal dIs hosting a central starburst, i.e., blue compact dwarfs . NGC 1311 and ESO 137-18 are two such objects. Their surface brightness profiles were modeled by simultaneously fitting a Gaussian on top of the sech function describing the extended underlying light distribution. In Figure 1 , the Gaussian component is displayed as a dashed line, and the sum of the Gaussian and sech functions is marked by a thin solid line.
The brightness of the main body of each dwarf was estimated by integrating the sech function out to infinity. The apparent total magnitude m app sech , referred to here as the sech magnitude, was computed from ′ 5 (NTT). Right panels: Surface brightness profiles in K s for the unresolved components. The thick solid curves are fits of a sech function. In a few cases, a Gaussian burst was fitted simultaneously, and is marked by a dashed curve. In these cases, the sum of the sech and Gaussian components is shown as a thin solid line (sometimes hard to see due to overlap with the observations). is the apparent central surface brightness in linear units and q is the axis ratio (b/a) of the isophotes. The magnitude within the outermost detected isophote, referred to here as the isophotal magnitude, was also estimated. Sech and isophotal magnitudes for all 19 of the dwarfs detected at Blanco and the NTT are given in Table 2 .
Amalgamated sample and data
The observations presented above and in Fingerhut et al. (2010) significantly expand the sample of dwarfs for which deep K sband photometry is available. Thus, it is appropriate to reexamine the scaling relations elucidated earlier, especially to seek deeper insights into the why scatter is so much greater than expected from observational errors.
A sample of star-forming dwarfs was compiled from galaxies with extant K s -band surface photometry to which a sech profile had been fitted. In order to minimize scatter due to distance errors, the sample was restricted to objects for which the I magnitude and V − I colour of the tip of the red giant branch (TRGB) have been measured reliably. A total of 66 galaxies satisfied the criteria for analysis, and are listed in Table 3 . The galaxies IC 10 and ESO 245-05 were not included due to obvious problems with their photometry. In particular, IC 10 is a very large galaxy suffering from heavy extinction and severe crowding by foreground stars. NGC 1560 was omitted because it is a late-type spiral.
To establish homogeneous distances, the absolute magnitude of the TRGB was estimated from
Fig. 2. Images in K s of the fields of galaxies either marginally or not detected at CTIO (Blanco) and La Silla (NTT). North is up, and East is to the left. The fields of view are about 5 ′ × 5 ′ (Blanco) and 2. ′ 5 × 2. ′ 5 (NTT).
where (V − I) T RGB is the mean colour of the stars at the tip corrected for extinction and redshift (see Rizzi et al. 2007 ). The zero-point was determined from a pairwise analysis of 127 distances to 34 nearby galaxies derived from Cepheids, planetary nebulae, surface brightness fluctuations, and the TRGB (McCall, M. L., in preparation), and is anchored to the maser distance to NGC 4258 (a distance modulus of 29.29: Herrnstein et al. 1999; Gibson et al. 2000; Macri et al. 2006 ). The uncertainty is that due to random errors only; it does not include the uncertainty in the distance to NGC 4258. The rate of change of the absolute magnitude of the TRGB with colour was adopted from Rizzi et al. (2007) . Apparent magnitudes and colours of TRGB stars were extracted from the literature. In instances where colours were not recorded, they were estimated through inspection of colourmagnitude diagrams. Where necessary, conversion of HST photometry to the Johnson-Cousins system was accomplished using the transformation equations of Sirianni et al. (2005) . Apparent magnitudes and colours were corrected for extinction and redshift (i.e., K-corrections) using the York Extinction Solver (McCall 2004) . Optical depths were computed from B−V colour excesses tabulated by Schlegel et al. (1998) , and these were converted into extinctions and V − I colour excesses assuming the spectral energy distribution of an M0 giant. The adopted reddening law was that of Fitzpatrick (1999) , tuned to deliver a ratio of total-to-selective extinction of 3.07 for Vega (see McCall 2004) . Colour excesses, extinctions, corrected TRGB magnitudes and colours, and the resulting distance moduli for the 66 sample galaxies are recorded in Table 3 . Adopted heliocentric velocities are given in Table 4 . All K-corrections were less than 0.01 mag. Uncertainties in distance moduli are estimated to be 0.10 mag typically.
This paper extends work on absolute magnitudes of dwarfs into the realm of masses, motivated by the fact that dIs and BCDs retain a large fraction of their mass in gaseous form. It is reasonable to expect that any correlation of absolute magnitude with dynamics will have scatter enhanced by variations in gas fractions, because the stellar component is often a minority of the visible mass (see Section 6.1). The determination of a baryonic mass requires that both the stellar and gaseous masses be constrained.
The mass of stars in each galaxy was judged to be most reliably signified by the luminosity in K s , because the light from young stars is suppressed and the mass-to-light ratio is less sensitive to the star formation history than in bluer passbands (Joy & Lester 1988; Portinari et al. 2004; . The absolute magnitude of the diffuse stellar component was determined from the integrated magnitude of the sech function modeling the two-dimensional surface brightness profile. The luminosity of any co-existing starburst was estimated by integrating the flux under the fitted Gaussian. Corrections for extinction and redshift (i.e., K-corrections) were accomplished as for the TRGB, but using the Im spectral energy distribution of McCall (2004) . In computing luminosities from absolute magnitudes, the absolute magnitude of the Sun was adopted to be 3.315 in K s Flynn et al. 2006) . Note that no corrections for redshift dimming were applied. All galaxies in the sample are at low redshift, and the entire range spanned by dimming corrections is only 0.01 mag.
Parameters describing the light distributions of the 66 sample galaxies are given in Table 4 . Listed are the corrected value µ 0 of the central surface brightness in mag arcsec −2 , the sech scale length r 0 converted to parsecs, the axis ratio q, the limiting radius of the surface photometry in units of r 0 , and the source of the photometry. The derived absolute magnitude M K s of the sech component and the ratio of the luminosity of any burst relative to the luminosity of the sech component are given in Table 5 . The adopted value of the extinction is included in Table 3 . Generally, for galaxies observed on more than one occasion, parameters describing the fit to the deepest profile are presented. However, parameters listed for ESO 381-18 and IC 4247 come from averages of fits to two independent observations. The mass of gas was determined from the integrated flux of HI at 21 cm. Given the flux F HI in K km s −1 , the mass M gas in solar units was computed from
where D Mpc is the distance in Mpc, X is the mass fraction of hydrogen, and k 21 = 2.356 × 10 5 M ⊙ K −1 km −1 s. The value of X was adopted to be 0.735 on the basis of measurements of the rate of change of the helium and metal fractions with the oxygen abundance in dwarfs (Izotov & Thuan 2010) , presuming a mean oxygen abundance of 8.25 for the current sample and a primordial helium mass fraction of 0.257 (Izotov & Thuan 2010). For galaxies for which multiple measurements of F HI were available, the single-dish measurement with the highest signal-tonoise ratio was normally adopted, unless there was evidence for confusion or peculiarities in the spectrum. The adopted fluxes and sources are listed in Table 4 , and corresponding gas masses are given in Table 5 .
The width of the 21 cm line at 20% of the peak, W 20 , was used to quantify internal motions. The choice of W 20 over the width at 50% of the peak was motivated by a desire to measure kinematics representative of the broadest possible body of gas.
Earlier studies of the fundamental plane for dIs relied upon line widths with generally poor velocity resolution. Most were taken from the Third Reference Catalogue of Bright Galaxies (de Vaucouleurs et al. 1991) . For this paper, a comprehensive survey of the literature was made to pinpoint 21 cm line profiles with the highest resolution and least noise. Where 20% line widths were not recorded, they were measured from the plotted profiles or, if justifiable, established mathematically from a fit used to determine the tabulated 50% line width. Because line profiles for the galaxies in this sample were very close to being Gaussian in shape, the apparent line width W app 20 was corrected for instrumental broadening by subtracting in quadrature the width of a Gaussian instrumental profile as defined by the full-width at half-maximum R (see Verheijen & Sancisi 2001) :
Here, R, W app 20 , and W 20 are in km s −1 . The factor of 1 +z corrects the width for redshift broadening. The adopted values of the heliocentric velocity, W app 20 , R, and log W 20 , as well as the sources of the data, are given in Table 4 .
Analysis
Overview
Investigations below concentrate on elucidating how observed kinematics of dwarfs are tied to their scale and structure. In the process, they lead to insights on what is driving gas motions, constraints on the mass-to-light ratio of stars, an evaluation of how close the galaxies are to being virialized, and the establishment of a method for determining reliable distances to unresolved objects.
The most important correlations between intrinsic galaxy properties (absolute magnitude, mass, and potential) and distance-independent observables (HI line width, central surface brightness, and axis ratio) are displayed along with their fits in Figure 3 . The ordinates of the panels have been configured to span identical ranges in magnitude units, so that the apparent vertical dispersions about the fits are inter-comparable. The displayed correlations are founded upon the properties of the sech component of the light profiles alone. Derived global properties of the galaxies are summarized in Table 5 . The relevance of the burst component and the distribution of the properties of bursting galaxies are discussed in Section 5.5.
The correlations were defined without correcting line widths for projection. Even though it is known that some of the more massive dwarfs are rotating (e.g., Epinat et al. 2008; Swaters et al. 2009) , there is considerable evidence that the kinetic energy of the gas in most of the galaxies in the sample is predominantly disordered , and this work). For example, line profiles tend to be Gaussian in shape, and the sensitivity of line widths to the ellipticity of isophotes is weak at best, implying that motions are close to isotropic (see Section 5.4).
All galaxies in the sample are displayed in Figure 3 , but only the 48 galaxies marked by large open circles were included in fitting. Photometry originating from 2MASS becomes suspect for galaxies whose surface brightnesses are as low as is typical of sample members (Kirby et al. 2008) , and galaxies whose surface brightness profiles do not extend beyond 2.5 sech scale lengths tend to display deviant properties. Consequently, the following galaxies were excluded from the fits: -four dwarfs observed by 2MASS only (Ho II, NGC 3077, NGC 4214, and NGC 6822, marked by crosses) -in addition to two of the 2MASS galaxies (Ho II and NGC 6822), six dwarfs for which photometry did not extend beyond 2.5r 0 (Cam B, ESO444-84, KK98 230, KKH 86, Peg DIG, and UGCA 92, marked by solid circles) -one object which displays a spiral-like morphology in HI and whose surface brightness profile is convex in the core (NGC 2915) -seven extreme deviants identified during the course of analysis (DDO 47, DDO 168, ESO215-09, ESO223-09, KK98 17, KK98 182, and UGC 3755), all of which are signified by small open circles
The last seven galaxies were revealed by a large gap in the histogram of residuals for the fit to the potential versus line width and surface brightness. They lie 3.1σ or more away from the fit, whereas the most extreme of the retained galaxies lie within 1.8σ of that fit.
For maximum flexibility, fits were determined using the downhill simplex algorithm (Nelder & Mead 1965; Press et al. 1986 ). For certain fits involving the stellar mass, it was postulated that any fundamental relationship is one for which there exists a mass-to-light ratio which minimizes the dispersion. Stable solutions to the mass-to-light ratio proved to be possible by combining the simplex algorithm with a golden section search.
Uncertainties in derived parameters were ascertained through Monte Carlo simulations. The starting point for these simulations were estimates for typical errors in the observables. The adopted uncertainties were 0.1 mag for distance moduli, 0.15 mag for µ 0 , 5% for r 0 , 10% for q, 0.23 mag for m sech , 5% for W 20 , and 10% for F HI . In each analysis, 1000 random deviates of these observational quantities were computed, from which deviates for the derived quantities were computed and fitted. Below, any quoted uncertainty in a fitted parameter is the average of the standard deviations of the resulting solutions on either side of the solution obtained from the reference fit.
Absolute magnitude
The upper left panel of Figure 3 displays the Tully-Fisher relation for the dwarfs, albeit with no correction of line widths for tilt (as discussed above). As expected, the dispersion is large. The fitted relation is
with the standard deviation being 0.95 mag. By comparison, the expected vertical scatter due to observational errors alone is only 0.27 mag (the quadrature sum of the uncertainties in the abscissa and ordinate). Even if all motions were rotational, the dispersion in axis ratios is such that only about 0.5 mag of the scatter would be attributable to projection.
The upper right panel of Figure 3 displays the fundamental plane of , with the fit updated. For the sample here,
where µ 0 is the observed central surface brightness in mag arcsec −2 (i.e., without any correction for projection). The standard deviation is 0.63 mag. The dispersion worsened when surface brightnesses were corrected for tilt (assuming an oblate spheroidal geometry: see Section 5.4). Efforts to improve the fit by attributing some of the motions to rotation, and correcting for tilt accordingly, met with failure. The scatter is larger than suggested by , probably because of changes to rejection criteria. Most importantly, as noted by , it is much larger than the dispersion to be expected on the basis of observational errors alone, which is 0.28 mag.
Mass
The unexplained scatter in absolute magnitudes motivated the development of a corresponding plane for the baryonic mass M bary which would accommodate the often significant but highly variable proportion of matter in gaseous form. There was reason to be optimistic that a well-defined relationship might be found because the baryonic Tully-Fisher relation for rotationallysupported systems is so tight (McGaugh et al. 2000; McGaugh 2005 McGaugh , 2011 . Most of the galaxies in the sample appear to be pressure-supported, with random motions being close to isotropic (see Section 5.4), so on energy grounds it is reasonable to construct the baryonic Tully-Fisher relation by substituting radial velocity dispersions for circular velocities (McGaugh et al. 2010; Wolf et al. 2010) .
The computation of baryonic masses required the adoption of a mass-to-light ratio for the stars, since
Here, L K s is the luminosity in K s and Υ = M stars /L K s is the mass-to-light ratio of the stars in K s . Attention was restricted to , based upon a mass-to-light ratio in K s derived during the fitting. In all panels, every galaxy in the sample is plotted, but only galaxies marked with large circles were fitted. Excluded from the fits were four galaxies observed exclusively by 2MASS (crosses), six galaxies in addition to two 2MASS galaxies for which photometry did not extend beyond 2.5 sech scale lengths (solid circles), one galaxy with an unusual morphology (small open circle), and seven extreme outliers identified while fitting the potential (small open circles).
the sech component of the light distribution. The contribution of a burst component to the mass was assumed to be negligible. This approximation is justified in Section 5.5, where the consequences of accommodating the light of a burst are discussed. The best estimate of Υ was gained from analysis of the gravitational potential (see Section 5.4), which yielded a solution of 0.88 ± 0.20. To establish the most credible relationship between the baryonic mass and observables, then, the mass-to-light ratio was fixed at 0.88. The corresponding stellar and baryonic masses are summarized in Table 5 .
Surprisingly, the baryonic Tully-Fisher relation proved to be as highly dispersed as the fundamental plane. It is displayed in the middle left panel of Figure 3 . The fitted relation is given by log M bary = (8.138 ± 0.012) (9) +(2.140 ± 0.064)(log W 20 − 1.8)
The dispersion is 0.24 dex (0.61 mag), versus the expected value of 0.08 dex based upon observational uncertainties alone.
An improvement to the baryonic Tully-Fisher relation was realized by introducing surface brightness as a second parameter. The resulting baryonic plane, which is displayed in the middle right panel of Figure Although lower than found for the Tully-Fisher relation, it is still much higher than the expected value of 0.08 dex based upon observational uncertainties. The fit did not improve when the surface brightnesses were corrected for projection (see Section 5.4). Allowing Υ to be free, the dispersion dropped somewhat to 0.17 dex. However, the solution for Υ was 0.15 ± 0.05, which is unreasonably low compared to expectations from population syntheses (Portinari et al. 2004 ).
Potential
Thirty-two galaxies in the sample have line profiles which have been observed with a resolution of 2 km s −1 or less. Profiles are close to being Gaussian in shape, which suggests that the dynamics of dIs may be simple. As a starting point, it is reasonable to posit that the systems are close to being virialized. Virialization requires that
where T is the kinetic energy and Ω is the potential energy. If the line width is predominantly controlled by gravity, and if the potential defined by the baryonic mass scales with the potential setting the line width (which in large part must be controlled by the amount of dark matter), then one might surmise that
Henceforth, P will be referred to as the "baryonic potential". The baryonic potential (the stellar component of which being defined by the mass of the sech component) is plotted as a function of line width in the lower left panel of Figure 3 . The relationship is given by log P = (5.559 ± 0.011) (13) +(1.760 ± 0.058)(log W 20 − 1.8)
The standard deviation of the fit is 0.24 dex (0.59 mag), which, surprisingly, is comparable to that for the fits to the baryonic mass. However, the introduction of surface brightness as a second parameter reduced the dispersion drastically. With the massto-light ratio fixed at 0.88 (see below), the following relationship was found: log P = (5.578 ± 0.011) (14) +(1.101 ± 0.065)(log W 20 − 1.8) +(−0.208 ± 0.012)(µ 0 − 20)
The standard deviation is only 0.12 dex (0.29 mag). The dispersion did not change significantly when the mass-to-light ratio was allowed to vary. Figure 4 shows the residuals in the fit to the potential as a function of the logarithm of the axis ratio q. Residuals become more negative as galaxies flatten. To a significant extent, this is likely to be a consequence of the effect of projection on surface brightnesses. For an oblate spheroid, the surface brightness varies with q as
where µ i=0 0 is the surface brightness that would be measured if the view were face-on (inclination i equal to zero). The dashed line in Figure 4 displays the rate at which residuals in the potential should vary with q if surface brightnesses are affected by projection in the way expected for oblate spheroids. The observed trend is very close to that predicted. Thus, a further refinement to the fit to the potential was possible by correcting surface brightnesses to a common viewing angle (face-on).
It was unclear how line widths dominated by random motions might vary with tilt. For the purpose of investigation, any sensitivity to tilt was approximated as a power law in q. Then, to convert measurements to face-on,
where γ is a constant. It was expected that a relationship between the potential, line width, and surface brightness which is free of projection effects would have the form
where a, b, and c are constants. By introducing log q as a third variable, it was possible to constrain γ.
With Υ fixed at 0.88, and with the geometry approximated to be oblate spheroidal, the solution for γ was −0.10. The sign is opposite to what would be expected if flattening is a consequence of anisotropic motions, be they ordered or disordered. Also, |γ| is small, suggesting that motions are close to being isotropic. It was concluded that the trend in the residuals of the potential with the axis ratio should be attributed primarily to variations in surface brightness expected for oblate spheroids viewed at different angles.
In the end, given how weakly line widths appeared to depend on tilt and uncertainty about precisely how they did, only surface brightnesses were corrected for projection. The relationship between the potential, apparent line width, and the surface brightness corrected to face-on (via Equation 15) is displayed in the lower right panel of Figure 3 . With the mass-to-light ratio free to vary, the fit was given by log P = (5.697 ± 0.065) The corresponding solution for Υ was 0.883 ± 0.199. Resulting values of log M stars , log M bary , and log P are listed in Table 5 . Uncertainties in the coefficients are higher than for Equation 14 because of the freedom in the mass-to-light ratio. The standard deviation is only 0.096 dex (0.24 mag). The vertical dispersion expected from random observational errors is 0.08 dex. Thus, a structural relationship has been identified for dwarfs for which observational errors overwhelm the cosmic dispersion. This relationship can be regarded as a more fundamental plane for dwarfs, and henceforth will be referred to as the potential plane. Although the solution for the mass-to-light ratio is twice as high as measured for the disk of the Milky Way from vertical kinematics of stars (Portinari et al. 2009) , it is nevertheless compatible with syntheses of exponential disks spanning a range of possible star formation histories (Portinari et al. 2004 ). It should be noted, though, that the estimate for Υ is in part a dynamical estimate of the mass-to-light ratio, since it is tied to line widths. The tightness of the correlation lends credence to the postulate that the mass and size of dark matter haloes scale straightforwardly with the mass and distribution of luminous matter.
To check the sensitivity of the fit to the selection of galaxies, random subsets of the original galaxy sample were formed by removing 10% of the objects (5 galaxies). A total of 100 subsets were constructed and fitted. The mean values of the free parameters agreed extremely well with those determined from the entire sample. Most important, the mean value of Υ was 0.895 ± 0.095, which is almost identical to the value derived by fitting the whole sample. Because observational errors are predominant in setting the dispersion, it is not believed that the solution for the massto-light ratio suffers from biases which plague fits to less fundamental relations.
Blue compact dwarfs and turbulence
Despite much research, the relationship between dIs and BCDs is not clear yet. Structurally, they appear to be similar, because the near-infrared light profile of a BCD can be modeled well by superimposing a Gaussian starburst upon a sech function . Thus, it is reasonable to consider any star-forming dwarf to be a blue compact dwarf if its light profile in K s displays an excess of light in the core over what is expected for a pure sech law. That is the definition adopted here.
The left panel of Figure 5 re-displays the correlation of the potential with line width and face-on central surface brightness (Equation 19 ). Those galaxies with an excess of light in the core, i.e., the BCDs, are marked with solid circles, and normal dIs are marked with open circles. Starbursts span the entire range of galaxies in the sample. Fits to the pure sech dwarfs and the BCDs separately were consistent within errors, proving that there is no segregation. It appears that gravity, not turbulence, is the predominant determinant of gas kinematics in most of the star-forming dwarfs in the sample. The mere existence of strong correlations of the baryonic mass and the potential with line width lends support to this conclusion. Also, the dependence of the potential on surface brightness is opposite to what would be expected if line widths were inflated by gas flows stemming from recent star formation. For a gas-dominated system at least, any concomitant enhancement in surface brightness would be expected to be incorporated in such a way as to oppose the change in line width and thereby preserve the potential. Instead, the sign of the coefficient of µ i=0 0 in Equation 19 is such that brightening and broadening change the potential in the same way.
To examine the influence of the Gaussian component on the fit to the potential, the mass-to-light ratio of stars in the burst relative to the mass-to-light ratio of stars in the sech was introduced as a free parameter. Then, luminosities of both the burst and sech components were employed to compute baryonic masses. The solution for the ratio of mass-to-light ratios was zero, meaning that the inclusion of a non-negligible burst mass degrades the correlation. However, forcing the ratio of mass-to-light ratios to unity led to a fit which was still reasonable. A larger sample of BCDs in which the burst light is a significant fraction of the total light will be required to constrain more reliably the appropriate mass-to-light ratio to use to accommodate the burst mass in the definition of the potential. 
Discussion
Variable mass-to-light ratios and virialization
Equation 19 is the face-on central surface brightness of the sech model in linear units. Although the virial theorem motivated the quest for this relation, the exponent of W 20 is half what it should be. The dependence on the surface brightness is puzzling, too. Possibly, it is a reaction to variations in the mass-to-light ratio. A dwarf which has undergone star formation more recently than is typical for galaxies of its kind in the sample may show enhancements in both surface brightness and luminosity relative to the norm for its potential. If so, the mass-to-light ratio ought to be reduced by a factor which preserves the value of the potential. In effect, such a reduction is happening through the dependence of P on I i=0 0 , although it is complicated by the presence of gas. It is even possible that, in not accounting for variability in Υ, the true dependence of the potential on the line width is obscured.
To individualize mass-to-light ratios, and thereby assess the impact on the relationship between the potential and internal motions, the premise was made that any deviation of the surface brightness from the mean at a given line width is a consequence of a different star formation history, and that the deviation is simultaneously incorporated in the luminosity of stars associated with the sech component. Then, the mass-to-light ratio Υ relative to some reference value Υ re f could be estimated from the face-on central surface brightness µ i=0 0 relative to an appropriate norm µ i=0 0,re f as follows:
In principle, the mean surface brightness µ i=0 0,re f could be tied to global properties. Figure 6 reveals the correlation of µ i=0 0 with log W 20 . There is a tendency for surface brightnesses to brighten with the line width, although the scatter is large. The correlation must in part be responsible for weakening the W 20 -dependence of the potential relative to what is expected for virialized systems.
If it is hypothesized that star-forming dwarfs really are virialized, it is possible to predict how rapidly µ i=0 0,re f must vary with log W 20 , and thereby test compatibility with the observations. To this end, it was approximated that µ i=0 0,re f varies linearly with log W 20 . Based upon the earlier fit to the potential with Υ held fixed, it was reasonable to approximate Υ re f to be 0.883. Noting that Υ for each dwarf is defined by Equation 21, it was possible to solve for the coefficients of the relation between µ i=0 0,re f and log W 20 by minimizing the dispersion in the relationship between the potential and log W 20 .
The dashed line in Figure 6 displays the solution for the correlation between µ i=0 0,re f and log W 20 which arose when the galaxies were required to be virialized. It is defined by The data admit the possibility of such a trend. The right panel of Figure 5 shows the simultaneous fit to the potential, with baryonic masses now determined using individualized mass-tolight ratios computed from Equations 21 and 22 (with Υ re f set to 0.883). It is described by log P = (5.526 ± 0.041) + 2(log W 20 − 1.8)
Of course, the coefficient in front of log W 20 was forced by the requirement that the systems be virialized. The standard deviation about the fit is 0.105 dex (0.26 mag), which is only a little worse than that for the potential plane (Equation 19 ). Resulting mass-to-light ratios are listed in Table 5 and displayed as a function of log W 20 in Figure 7 . The range of variation is fairly large, in many cases beyond what is reasonable to expect in K s for typical star formation histories (Portinari et al. 2004) . Observational errors are in part to blame, since mass-tolight ratios vary to compensate for errors in surface brightness. Figure 8 compares the gas fractions computed from a fixed value of the mass-to-light ratio (Υ = 0.88) with the gas fractions derived when the mass-to-light ratio is allowed to vary as above. The spread in gas fractions at large W 20 is reduced when variable mass-to-light ratios are employed. For many starbursting dwarfs, the gas fraction rises. This is because surface brightnesses for these galaxies are unusually high, leading to downward adjustments to mass-to-light ratios and consequent reductions in the stellar masses. Gas fractions for many dwarf irregulars also change significantly, rising for the least massive galaxies and declining for the most massive.
Distances
The discovery of tight correlations between the gravitational potential and distance-independent observables opens up a way of mapping the spatial distribution of dwarf galaxies on large scales. Locally, dwarfs are more dispersed than giants, so the relationship offers an avenue for exploring the distribution of matter in mass-poor regions of the universe. A huge advantage over the Tully-Fisher relation for spirals is that no restriction need be placed on tilt. In fact, the method for correcting surface brightness for the viewing angle does not even require that the tilt be evaluated (a complicated problem owing to the possible variability of the intrinsic axis ratio).
For any galaxy, the value of P ≡ M bary /r 0 in M ⊙ pc −1 can be estimated from observations of the 21 cm line width log W 20 , the central surface brightness µ 0 , and the axis ratio q using Equation 19 or 23. This provides an avenue to determining the distance. Define m sech to be the apparent magnitude of the sech component of the light distribution corrected for extinction and redshift, r 0,arcsec the sech scale length in arc seconds, Υ the massto-light ratio in solar units for the stars constituting the sech component (for the passband defining m sech ), F 21 the 21 cm line flux in K km s −1 , X the fraction of the gas mass which is hydrogen, and k 21 the factor required to convert the HI line flux to hydrogen mass. The distance modulus D mod is given by D mod /5 = log P + log r 0,arcsec (24)
where M ⊙ is the absolute magnitude of the Sun (3.315 in K s ) and k 21 has the value specified for Equation 4. For K s , the mass-tolight ratio is either fixed at 0.883 if Equation 19 is used to estimate P, or computed from Equations 21 and 22 if Equation 23 is employed to get P (with Υ re f set to 0.883). Figure 9 shows for the galaxies defining the potential plane how the distances derived from Equation 24 compare with those derived from the TRGB. Typical uncertainties in observational quantities were given in Section 5.1. Because observational errors are responsible for the bulk of the dispersion in the potential, it is reasonable to examine the accuracy with which a distance can be determined considering observational errors alone. Based upon the uncertainties in W 20 , µ 0 , and q, log P can be estimated to an accuracy of about 0.04 dex (Equation 19 ) if the cosmic dispersion is smaller. Accounting for the errors in m sech , r 0,arcsec and F 21 , then the uncertainty in the derived distance modulus comes out to be 0.38 mag for Υ = 0.88.
The most important contributors to the uncertainty are the errors in m sech and µ 0 . In the sample studied here, these errors were quite large due to limitations in the field of view, which restricted the number of 2MASS stars available to calibrate the photometry. Significant improvements are possible using more modern detectors with wider fields of view. If the uncertainty in m sech can be reduced to 0.10 mag and the uncertainty in µ 0 to 0.05 mag, then the error in the distance modulus will come down to 0.26 mag. A further reduction is possible with deeper With mass-to-light ratios adjusted for surface brightness deviations, gas fractions for many galaxies change significantly.
photometry, which would enable improvement in the accuracy with which r 0 and q are measured. Overall, it appears that the potential plane for dwarfs offers a means to determine distances to dwarfs as good as the Tully-Fisher relation yields for spirals.
Conclusions
Deep imaging in K s has been presented for 19 star-forming dwarf galaxies. Structural properties were measured by fitting a sech function to surface brightness profiles, and additionally a Gaussian for those objects displaying evidence for a central starburst (interpreted thereby as being blue compact dwarfs). Results for these galaxies were combined with photometry for others published previously to examine how kinematics, as conveyed by HI line widths, are connected to global properties. Most dwarfs in the sample displayed HI line profiles close to Gaussian in shape. Also, in optimizing relationships among global properties and kinematics, no strong tie between apparent line widths and isophotal axis ratios was evident. Thus, in the majority of sample galaxies, most of the kinetic energy of the gas appeared to be disordered, and internal motions appeared to be close to isotropic. Consequently, it proved to be possible to establish relationships without correcting line widths for tilt.
It was confirmed that much of the scatter in the Tully-Fisher relation for dwarfs is correlated with surface brightness. The "fundamental plane" defined by the correlation of absolute magnitude with line width and surface brightness still displayed a dispersion which exceeded what was expected from observational errors alone. Conjecturing that some of the scatter might be a consequence of not accommodating the highly variable gaseous component, the baryonic Tully-Fisher relation was constructed. It proved to be as dispersed as the fundamental plane, although some improvement was possible by adding surface brightness as a second parameter.
Motivated by the possibility that the galaxies may be virialized, the correlation between the potential and the line width was examined. The potential defined by the ratio of the baryonic mass to the sech scale length was hypothesized to be proportional to the potential setting internal motions, but the mass-tolight ratio required to compute the stellar component of the mass was left as a free parameter. The derived relationship between the potential and the line width displayed large residuals correlated with surface brightness. When surface brightness variations were accommodated, an extremely tight relationship between the potential, line width, and surface brightness resulted. Remaining residuals were found to correlate with tilt, with the bulk of the trend explainable by variations in surface brightness arising from viewing oblate spheroids at different angles. Once surface brightnesses were corrected for tilt, the remaining dispersion of this more fundamental plane, referred to as the potential plane, could be almost entirely attributable to observational errors. The solution for the mean mass-to-light ratio for the stars (i.e., the sech component of the light distribution) was 0.88 ± 0.20. BCDs lay precisely in the plane described by dIs. The placement of BCDs, the strength of the correlation, and the direction of the sensitivity to surface brightness all point to gravity, not turbulence, being primarily responsible for determining gas motions in star-forming dwarfs. The potential plane suggests a strong linkage between the mass and distribution of luminous matter and the mass and scale of dark matter haloes. It also offers a new avenue for determining the distances to unresolvable star-forming dwarfs which may be as good as the Tully-Fisher relation for spirals.
The potential plane described a potential varying as W 1.13 20 , i.e., less steeply than expected for virialized systems (for which the exponent should be 2). However, the dependence of the potential on surface brightness was such that surface brightness might be considered to be acting as a proxy for variations in the mass-to-light ratio of stars. To explore this possibility, it was hypothesized that star-forming dwarfs are in fact virialized, and the required dependence of mean surface brightness on line width was derived. Deviations in surface brightness from the norm for a particular line width were used to adjust mass-to-light ratios to compensate for differing star formation histories (and observational errors) . Residuals in the correlation of the modified potential with line width were only slightly degraded with respect to those for the potential plane. Computed mass-to-light ratios covered a range greater than expected from theoretical expectations, but some of the variation was attributable to the uncertainties in surface brightnesses. Further studies of star formation rates would be productive in evaluating whether the predicted range of mass-to-light ratios is justified. Work is in progress to evaluate implications for chemical evolution. 
